and not the journal, and consequently the impeller, further complicates the problem. Thanks to the significant distance between the two basic frequencies, filters can be introduced to separate the lower and higher frequency regions. Thus, using a low-pass filter and a high-pass filter with a cut-offfrequency of 6 times the main engine's running speed, the bearing and journal vibrations can be identified.
Introduction
Condition monitoring of naval turbochargers is a challenge because, apart from the low rotational speed of the flexible rotor and the journal bearings' non-linear behaviour], the rotor foundation has large excitations from the ship's large diesel engines. The ultimate target of the proposed approach is automatic and accurate condition monitoring of the turbochargers, using only a series of acceleration data from the bearings of the machines. This will be possible by integrating the measured data together with simple Finite Element (FE) models and Artificial Neural Network (ANN) techniques, incorporating only the advantages of each method. The concept of the proposed method is that by feeding the system with acceleration data, the ANN will identify several parameters of the FE model in order to match the simulated output to the measured data. These tunable parameters of the FE model refer to certain potential faults ofthe machine: mass imbalance at present but also cracks, oil whirl, etc.
For simulation of the general case of a flexible rotor with discs, which is supported in journal bearings, the classic finite element -the linear beam element -has been employed 2 . Assuming that the journal bearings have a linear behaviour, the mass imbalance at the discs would allow the journals to rotate in an elliptical orbit around the equilib-Fault diagnosis system rium position (no mass imbalance) at synchronous speed. The bearings' char-The proposed fault diagnosis proceacteristics are calculated, based on the dure is depicted in Figure 1 . modified Sommerfeld number 3 . Except
The development of the fault identifor simulation of the mass imbalance fication procedure consists of the neufault, several other potential faults, such ral networks training phase and the as oil whirl and cracked shaft, can be validation phase. To make things easintroduced in our model. As the tur-ier for the neural networks, firstly the bochargers are always founded on the low-frequency vibrations from the main engine, low-frequency vibrations main engine are not considered at all are transferred from the main engine to because turbocharger faults cannot be the rotor. However, the possibility of revealed in this low-frequency region. vector are scaled with respect to the turbocharger's running speed, as the running speed fully characterises the faults' behaviour. For the output vector the unbalanced masses at the discs have been used; and for the learning procedure the back propagation algorithm with optimal learning rate has been employed. The input vector consists of the first 30 harmonics and semiharmonics of the vertical velocity at the bearing, which corresponds to circular speeds of 1/2 to 15 times the running speed of the rotor.
At this point, further adaptation of the input vector to the machine's potential faults could add more efficiency to the system, bearing in mind that faults are only present at specific frequencies and not for the full range of harmonics. In the present case, for example, where only the mass imbalance fault is studied, only half of the rotor's running speed could be used in the input vector. One hidden layer was introduced with 20 neurons, and the mass imbalance was considered for the output vector. The logistic (logical?) sigmoid transfer function has been employed both for the input vector to the hidden layer and from the hidden layer Disk 1 Bearing X, Foundation to the output vector. Using the feedforward algorithm and the optimal weights and biases found from the learning step, unbalanced masses can be identified with acceptable accuracy from an unknown deflection signal.
Results
For the identification of these low-frequency vibrations of the turbocharger casing from the ship's main engine, the Hooke-Jeeves first-order optimisation method has been introduced. The idea is to identify the mass (M) and the moment of inertia (.1) of the foundation, as well as the first four sinusoidal forces from the diesel engine, so that the response from the model matches the real behaviour of the machine. To achieve this, the first few low-harmonic peaks of the spectrum of the measured data at the foundation near the rotor's journal bearings should match those harmonics reproduced by the model at the same positions ofthe foundation (Xl and X 2 in Figure 2) .
With regard to implementation of the neural networks, after several trials the optimal performance was achieved by employing one hidden layer with 20 neurons. For the input Disk 2 X, 11,J vector the magnitude of the peak velocity at synchronous speed has been used, whereas for the output vector the magnitude of the unbalanced mass is considered.
The test case is with both discs unbalanced. Only three unbalanced masses for each disc (9 cases) were fed into the ANN for the learning procedure, and the converged accuracy is shown in Figure 3 (left) . Performance of the ANN with respect to 'unknown' mass imbalances is depicted in Figure 3 (right). The accuracy is very satisfactory, considering that from the power spectral density the system finds not only the type offault but also the fault's severity with some accuracy.
Conclusions
A method for the automatic condition monitoring of rotors with journal bearings has been presented and applied to a specific naval turbocharger. Trying to combine only the advantages of some very popular computational tools -such as theoretical simulations, measurements and signal processing -together with the neural networks, the proposed method promises better physics-based and more detailed diagnosis in quantification of the faults.
Several difficulties in setting up the neural networks and in the development of theoretical models have been encountered, due to complexity of the problem, but the results are very promising. However, it is essential that the full non-linear hydrodynamic equations should be also included in order to obtain a more realistic model of the journal bearings' transient behaviour. 
